Leptin has been proposed to modulate cardiac electrical properties via ␤-adrenergic receptor activation. The presence of leptin receptors and adipocytes in myocardium raised a question as to whether leptin can directly modulate cardiac electrical properties such as heart rate and QT interval via its receptor. In this work, the role of local direct actions of leptin on heart rate and ventricular repolarization was investigated. We identified the protein expression of leptin receptors at cell surface of sinus node, atrial, and ventricular myocytes isolated from rat heart. Leptin at low doses (0.1-30 g/kg) decreased resting heart rate; at high doses (150 -300 g/kg), leptin induced a biphasic effect (decrease and then increase) on heart rate. In the presence of high-dose propranolol (30 mg/kg), high-dose leptin only reduced heart rate and sometimes caused sinus pauses and ventricular tachycardia. The leptin-induced inhibition of resting heart rate was fully reversed by leptin antagonist. Leptin also increased heart rate-corrected QT interval (QTc), and leptin antagonist did not. In isolated ventricular myocytes, leptin (0.03-0.3 g/ml) reversibly increased the action potential duration. These results supported our hypothesis that in addition to indirect pathway via sympathetic tone, leptin can directly decrease heart rate and increase QT interval via its receptor independent of ␤-adrenergic receptor stimulation. During inhibition of ␤-adrenergic receptor activity, high concentration of leptin in myocardium can cause deep bradycardia, prolonged QT interval, and ventricular arrhythmias.
suggested that leptin can have autocrine and paracrine effects on cardiac functions.
Leptin has been demonstrated to play an important role in cardiac contractility (19, 37) , development of hypertrophy (12, 19, 37, 39) , and apoptosis (20) . However, studies of leptin on cardiac electrical properties are rare and limited to indirect effects via adrenergic receptor stimulation. It has been widely accepted that leptin increases the heart rate through increasing sympathetic activity (5, 9, 10) . Leptin-mediated increase in sympathetic activity can explain obese subjects with higher heart rate to meet the increased metabolic demands (25) , but it cannot explain why many of them exhibit unchanged or decreased resting heart rate (2, 7).
In heart failure patients, fatty infiltration of cardiomyocytes has been demonstrated. The percentage of fat in myocardium is positively correlated with body mass index and an increase in obesity (30) . Presence of fat accumulation within myocardium in obese human heart raised the question of whether leptin may have a direct effect on heart rate if leptin receptors are present in the sinus node and on repolarization in the ventricle.
In this work, we provide evidence for the presence of leptin receptors in rat isolated sinus node, atrial, and ventricular myocytes and leptin-induced decrease in heart rate and increase in QT intervals via leptin receptors independent of ␤-adrenergic receptor stimulation.
MATERIALS AND METHODS
The electrophysiological studies were performed in Sprague-Dawley rats. Obese and lean Zucker rats were used to demonstrate excessive accumulation of adipocytes in the right atrium. The right atria containing the sinus node were from male Sprague-Dawley and male obese and lean Zucker rats. The ventricles were from male Sprague-Dawley rats. The animal protocols in this study were reviewed and approved by the Animal Care and Use Committees of West Virginia University and Chinese Culture University, Taiwan.
Electrocardiograph recording in Sprague-Dawley rats. Adult (3-mo-old) male Sprague-Dawley rats were anesthetized with inhaled 2% isoflurane mixed with oxygen at a flow rate of 2 l/min. Leptin or isoproterenol was administrated through a catheter (polyurethane, 1 French size) placed in the jugular vein in accordance with Animal Care and Use Committee of Chinese Culture University requirments. The heart rate was recorded by a two-lead vector connected to a computerized, cardiovascular, continuous monitoring system (a PowerLab/4SP analog-to-digital converter; AD Instruments, Colorado Springs, CO) at a 1-KHz sampling rate. The results were collected from five rats.
Isolation of sinus node, atrial, and ventricular myocytes. The heart was quickly removed from anesthetized rats with pentobarbital sodium (50 mg/kg) and immersed in normal Tyrode solution containing heparin. A blunt end forceps was used to force out the blood. New Tyrode solution was replaced to rinse until clear of blood. Ventricles were removed, and the sinoatrial region was exposed, dissected out, and placed in fresh Tyrode solution gassed with 100% O2 at 37°C.
For isolation of sinus node and atrial myocytes, the sinoatrial region was digested in a Ca 2ϩ -free Tyrode solution containing 0.4 mg/ml Librase Blendyme 4 (Roche Applied Sciences) for ϳ20 min at 37°C. After digestion, the tissue was trimmed into strips of ϳ1 mm in width and 3-4 mm in length in Ca 2ϩ -free Tyrode solution. The digested tissue was then placed in Krafte-brühe (KB) solution. The sinus node myocytes were dissociated by gently puffing KB solution onto the tissue. Normal Tyrode solution contained (in mM) 140 NaCl, 5. The ventricular myocytes were prepared using a combination of collagenase perfusion and mechanical shaking, as described previously (18) . Briefly, the aorta was cannulated, and the heart was perfused with oxygenated Ca 2ϩ -free Tyrode solution at 35-37°C for 5-10 min, followed by oxygenated Ca 2ϩ -free Tyrode solution containing 0.1 mg/ml Liberase Blendzyme 4 (Roche). The heart was then left in oxygenated Ca 2ϩ -free Tyrode solution for 15 min. The ventricles were minced into small pieces in KB solution and dispersed through gentle shaking. The isolated myocytes were stored in KB solution at room temperature for 1 h before experiments.
Immunofluorescence microscopy of cardiac myocytes. Isolated sinus node myocytes were placed on glass slides and left to settle for Ն1 h before fixation in 4% paraformaldehyde for 20 min at room temperature. Paraformaldehyde was removed, and myocytes were washed for three times with PBS. The cells were then permeablized with 0.5% Triton-X 100 in PBS for 2 min and rinsed with PBS for three times. Then the cells were blocked for 30 min at room temperature using PBS containing 2% BSA. Primary antibodies against HCN4 and ObRb were prepared by 1:100 dilution in the blocking solution, in which the cells were incubated over two nights at 4°C. After three times of washes with PBS, the secondary antibodies (1:1,000, conjugated with fluorescent probe and Alexa Fluor 488 and 555; Invitrogen) were added and incubated for 1 h in the dark at room temperature. Following the final rinses with PBS and subsequently distilled water, the glass slides were cover-slipped, using 10 l of Prolong Gold with DAPI (Invitrogen). This mounting medium required curing overnight in the dark at room temperature. The slides were then ready for examination using confocal laser scanning LSM510 microscopy (Carl Zeiss). All imaging experiments were performed at room temperature. Figure 1 shows the presence of adipocytes near the sinoatrial node (SAN) in the right atrium of lean Zucker (Fig. 1A , white arrow) and Sprague-Dawley rat hearts (Fig. 1B , white arrow). For demonstration of excessive accumulation of adipocytes in the right atrium caused by obesity, we also examined adipocytes in the right atrium of obese Zucker rats, as shown in Fig. 1C . The adipocytes were confirmed by Oil Red staining (Fig. 1D ). The amount of adipocytes within the right atrium near SAN area is nearly 20-fold higher in obese Zucker rat than in lean Zucker and Sprague-Dawley rats (obese Zucker rat 1,906 Ϯ 144, lean Zucker rat 49 Ϯ 17, Sprague-Dawley rat 17 Ϯ 3; n ϭ 5).
Patch clamp recording of action potential in

RESULTS
Presence of adipocytes and leptin receptor in myocardium.
Confocal immunofluorescence microscopy imaging revealed the protein expression of leptin receptor at the cell surface of a ventricular myocyte ( Fig. 2A, red) , an atrial myocyte (Fig. 2B, red) , and a sinus node myocyte ( more leptin, which should be able to bind its receptor for direct local actions.
Leptin decreases the resting heart rate. Figure 3A shows a representative ECG heart rate. Compared with the basal heart rate (labeled 0), leptin at doses ranging from 100 to 500 ng/kg (doses 1 and 2, 100 ng/kg; dose 3, 200 ng/kg; dose 4, 300 ng/kg; doses 5 and 6, 500 ng/kg) gradually decreased heart rate. Isoproterenol (ISO; 400 ng/kg) was used as a positive control to demonstrate the normal responsiveness of ISOmediated acute increase in heart rate. Averaging from five rats, leptin at low doses from 0.1 to 2 g/kg induced a progressive decrease in heart rate ( Fig. 3B) . However, statistically significant inhibition of heart rate by leptin occurred only at doses of 1 g/kg and above (P Ͻ 0.05) (basal: 349 Ϯ 7.2 beats/min; 0.1 g/kg: 345.7 Ϯ 7.2 beats/min; 0.4 g/kg: 342.7 Ϯ 6.4 beats/ min; 0.5 g/kg: 339.3 Ϯ 5.5 beats/min; 0.7 g/kg: 336.3 Ϯ 5.9 beats/min; 1.0 g/kg: 333.7 Ϯ 4.5 beats/min; 1.5 g/kg: 329.7 Ϯ 3.5 beats/min; 2.0 g/kg: 325.3 Ϯ 2.6 beats/min). Leptin at low doses (2.0 g/kg) did not affect blood pressure (P Ͼ 0.05) [basal: mean arterial pressure (MAP) ϭ 105.7 Ϯ 1.0 mmHg, systolic blood pressure (SBP) ϭ 127.7 Ϯ 2.1 mmHg, and diastolic blood pressure (DBP) ϭ 85.0 Ϯ 1.7 mmHg; leptin: MAP ϭ 105.3 Ϯ 1.0 mmHg, SBP ϭ 127.3 Ϯ 1.8 mmHg, and DBP ϭ 85.5 Ϯ 1.2 mmHg; Fig. 3C ], left ventricular pressure [basal: systolic pressure (SP) ϭ 121.9 Ϯ 1.6 mmHg and diastolic pressure (DP) ϭ 23.2 Ϯ 0.8 mmHg; leptin: SP ϭ 121.9 Ϯ 1.1 mmHg and DP ϭ 23.6 Ϯ 1.2 mmHg; Fig. 3D ], or ventricular contractility (basal: ϩdp/dt ϭ 6,928 Ϯ 180 mmHg/s and Ϫdp/dt ϭ Ϫ10,921 Ϯ 289 mmHg/s; leptin: ϩdp/dt ϭ 7,288 Ϯ 187 mmHg/s and Ϫdp/dt ϭ Ϫ11,008 Ϯ 206 mmHg/s; Fig. 3E ).
Increasing the leptin dose to 300 g/kg induced a biphasic effect, an initial decrease followed by an increase in heart rate (Fig. 4A) . We noticed that a new steady-state resting heart rate was higher than that before leptin administration (Fig. 4A, dashed line) . Wondering whether the increase phase might be mediated by adrenergic receptor stimulation, we applied a nonselective ␤-adrenergic receptor blocker, propranolol, to block the adrenergic stimulation (16) . In the presence of high-dose (30 mg/kg) propranolol, leptin at 300 g/kg only decreased the heart rate ( Fig. 4B) .
To seek additional supporting evidence that leptin-induced inhibition of heart rate is via its own receptor, we used a leptin receptor antagonist, leptin triple mutant L39A/ D40A/F41A, that abolishes leptin interaction with the immunoglobulin-like domain, thus preventing receptor activation (8) . Figure 4C shows that the decreased heart rate induced by leptin can be reversed by the anti-leptin antagonist. After administrating a low dose (3 g/kg) of propranolol with leptin, two phases of inhibition in heart rate were observed. The first decrease was induced by propranolol. The second-phase decrease of heart rate was induced by leptin since this decrease can be reversed by anti-leptin to the level of propranolol effect (Fig. 4C, dashed line) . We have similar observations in a total of five rats.
We also studied the effect of leptin on isolated right atrium that contained sinus node. Leptin at 20 nM reversibly inhibited BP (mmHg) LVP (mmHg) dp/dt(mmHg/s) Fig. 3 . Low-dose leptin reduced heart rate. A: reduction in heart rate. Basal heart rate (HR) is labeled 0. Leptin doses were labeled as follows: doses 1 and 2, 100 ng/kg; dose 3, 200 ng/kg; dose 4, 300 ng/kg; doses 5 and 6, 500 ng/kg. B: statistical data on reduction of heart rate by leptin at various low doses. Leptin (2 g/kg) on blood pressure (BP; C), left ventricular pressure (LVP; D), and ventricular contractility (E). *Statistically significant change compared with basal condition (n ϭ 4). ISO, isoproterenolol; MAP, mean arterial pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; SP, systolic pressure; DP, diastolic pressure. 
Leptin increases QT interval and ventricular action potential duration.
Since the slow heart rate is frequently associated with prolonged QT interval, we next examined the effect of leptin on QT interval. Figure 5 shows that leptin at 100 g/kg increased the QT interval (Fig. 5A , middle) compared with the control (Fig. 5A, top) . Leptin antagonist did not increase QT intervals (Fig. 5A, bottom) . On average, QT was increased by 192% (basal 38.35 Ϯ 4.33 ms, leptin 73.65 Ϯ 4.38 ms; n ϭ 5, P Ͻ 0.05) (Fig. 5B, top) and unaltered by leptin antagonist (basal 38.35 Ϯ 4.33 ms, leptin antagonist 43.19 Ϯ 3.21 ms; n ϭ 5, P Ͼ 0.05); the heart rate-corrected QT interval (QTc) was increased by 177% (basal 66.09 Ϯ 4.01 ms, leptin 117.05 Ϯ 4.68 ms; n ϭ 5, P Ͻ 0.05) (Fig. 5B, bottom) and unaltered by leptin antagonist (basal 66.09 Ϯ 4.01 ms, leptin antagonist 71.31 Ϯ 3.70 ms; n ϭ 5, P Ͼ 0.05). The resting heart rate was reduced by 9% (basal 340.8 Ϯ 4.6 beats/min, leptin 310.0 Ϯ 2.9 beats/min; n ϭ 5, P Ͻ 0.05).
To explore the direct evidence that leptin-mediated prolongation QT interval is via its receptor in cardiac myocytes, we investigated the effects of leptin on isolated ventricular myocytes. Figure 6 shows that in isolated ventricular myocytes, leptin at a concentration of 0.03 g/ml reversibly increased the duration of action potential by inducing a late-plateau (LP) phase during repolarization (Fig. 6B ) compared with control ( Fig. 6A) and washout (Fig. 6C ). This LP phase (marked by a vertical line in Fig. 6D ) can be enhanced further by increasing leptin concentration to 0.3 g/ml (Fig. 6E) . On average, leptin at 0.03 g/ml increased APD 50 (50% of repolarization) by 118% (basal 5.5 Ϯ 0.6 ms, leptin 12.0 Ϯ 0.6 ms; n ϭ 6, P Ͻ 0.05; Fig. 6F ) and APD 90 (90% of repolarization) by 282% (basal 20.6 Ϯ 1.2 ms, leptin 78.7 Ϯ 3.8 ms; n ϭ 6, P Ͻ 0.05; Fig. 6G ). Leptin at 0.3 g/ml did not further increase APD 50 (0.03 g/ml: 12.0 Ϯ 0.6 ms; 0.3 g/ml: 11.8 Ϯ 0.7 ms; n ϭ 6, P Ͼ 0.05; Fig. 6F ) but did further increase APD 90 (0.03 g/ml: 78.7 Ϯ 3.8 ms; 0.3 g/ml: 135.3 Ϯ 3.4 ms; n ϭ 6, P Ͻ 0.05; Fig. 6G ). This may be caused by the leptin-induced late-plateau phase (Fig. 6H) .
Leptin induces premature ventricular beats in the absence of propranolol, sinus pauses, and ventricular tachycardia in the presence of propranolol. Changes in heart rate cannot only affect QT interval but also trigger premature ventricular contractions or premature ventricular beats (24, 35) . Figure 7 shows that leptin at 50 g/kg induced premature ventricular beats (Fig. 7A, arrows) . No premature ventricular beats were observed during leptin administration at a low dose (e.g., 1 g/kg). In the presence of propranolol (30 mg/kg), a high dose (150 g/kg) of leptin triggered sinus pauses (Fig. 7B) . Further increases in leptin dose (300 g/kg) induced ventricular tachycardia within 5 min in the presence of propranolol (30 mg/kg) (Fig. 7C) . High-dose leptin-induced ventricular arrhythmias were observed in four of 16 rats.
DISCUSSION
To the best of our knowledge, this is the first study to demonstrate a local direct action of leptin on cardiac electrical properties. Plasma leptin levels are at least fourfold higher in obese subjects over lean controls (6) . However, local leptin concentration in the myocardium is unknown, although we expected a much higher leptin level in obese than in lean subjects. Long QT and associated cardiac events are common Previously, it was demonstrated that chronic infusion of leptin at 0.1 g/kg into carotid artery or femoral vein for 7 days had no effect on heart rate (28). Infusion of leptin at 1 g/kg for 7 days began to induce an increase in heart rate (28). This leptin-mediated stimulation of heart rate was blunted by adrenergic receptor blockade (5). It was thus concluded that leptin increases heart rate via sympathetic receptor activation (5), which is in agreement with the established observation that leptin increases sympathetic activity (10) . The literature also reported that the threshold dose of leptin to trigger norepinephrine release was about 1 g/kg when leptin was introduced via intracerebroventriuclar route (27) . We found that at low doses, leptin decreases heart rate within minutes. When administered intravenously, leptin was reported to activate sympathetic activity at a threshold dose of 100 g/kg (10).
So far, six isoforms of leptin receptor have been identified (23, 33) . The transcripts of three isoforms (ObRa, ObRb, and ObRe) of leptin receptor have been identified in the rat heart (26) . ObRa is the short form of leptin receptor that lacks the intracellular signaling domain; its function is unclear (23) . ObRb is the long form containing the intracellular signaling domain, or the functional form of leptin receptor (23) . ObRe is the soluble form of leptin receptor that leptin can bind to but lacks the transmembrane and the intracellular signaling domains; it can be found in the cytoplasm bound with leptin (23) .
In this work, we detected the leptin receptor protein at the plasma membrane of sinus node, atrial, and ventricular myocytes from the Sprague-Dawley rat. Cellular distribution of fluorescence is an effective way to study cell surface expression of membrane proteins such as ion channels and receptors (13, 34) . The presence of adipocytes and leptin receptors in the heart strongly suggests a possibility that leptin can exert a local, direct effect on cardiac functions.
At low doses (100 ng/kg to 2 g/kg), leptin decreased the heart rate. At higher doses (Ͼ100 g/kg), leptin induced an initial decrease and then increase biphasic effect. Our interpre- tation is that leptin exerted two opposing effects via separate mechanisms, direct leptin receptor-mediated inhibition and indirect adrenergic receptor-mediated stimulation of heart rate. Because leptin was administered to the jugular vein, its direct inhibitory effect occurred prior to its indirect stimulatory effect on heart rate. When high-dose propranolol was applied before leptin, no leptin-mediated increase in heart rate occurred. These data strongly indicated that in the absence of ␤-adrenergic receptor activation, leptin can locally inhibit the resting heart rate. The direct evidence for this local inhibition of heart rate by leptin via its receptor was the reversal of leptinmediated inhibition by leptin antagonist (Fig. 4) and inhibition of spontaneous beating of the isolated sinus node. Leptin-mediated increase in action potential duration of isolated ventricular myocytes provides the direct evidence that supports the underlying mechanism of leptin-induced prolongation of QT interval being a local direct action of leptin via its receptor. It is important to note that leptin induced a concentration-dependent late-plateau phase in the ventricular myocyte action potential (Fig. 6) . Although the mechanism is unknown at this point, there must be an increased net inward current induced by leptin during repolarization. Previously, we have reported a disrupted L-type calcium channel inactivation as one ionic mechanism that underlies the prolonged action potential duration in obese Zucker rats (18) . Whether leptin can significantly alter the gating properties of L-type calcium channels and/or other ion channels (such as I Kr and I Ks ) and exchangers (such as the Na ϩ /Ca 2ϩ exchanger) important to repolarization remains to be investigated.
Perhaps the most intriguing findings are that high-dose leptin can sometimes induce arrhythmias, including premature ventricular beats (Fig. 7A) , sinus pauses (Fig. 7B) , and ventricular tachycardia (Fig. 7C) , especially under ␤-adrenergic receptor inhibition. This observation may have clinical implications since many overweight/obese patients are under ␤-blocker treatment of hypertension (36) , which simultaneously suppresses heart rate.
Why can deep bradycardia become a risk factor in ventricular arrhythmias? Slower resting heart rate leads to longer QT interval. In normal heart, sympathetic stimulation shortens, whereas parasympathetic stimulation prolongs ventricular action potential duration and the QT interval (40) . It has been recognized that bradycardia can cause tachycardia, a phenomenon called bradycardia-tachycardia syndrome (1, 38) . In patients with deep bradycardia caused by dysfunctional HCN4 pacemaker channel, prolonged QT interval and polymorphic ventricular tachycardia have also been observed (31, 32) .
Higher incidence of prolonged QT, ventricular arrhythmias, and sudden cardiac death has been well documented in obese patients in the absence of structural cardiac defects and malfunction (15, 22) . Premature ventricular contraction occurs 10 times more frequently in obese subjects than in lean controls (22) . Prolonged QT interval is a cardiac electrical disorder that predicts late development of ventricular arrhythmias and sudden cardiac death (11) . Long QT has been positively correlated with the body mass index (BMI) and occurs in early development of type 2 diabetes that occurs mostly in obese populations (14, 17, 25, 29) . The most recent report from the Multi-Ethnic Study of Atherosclerosis has provided strong evidence that, in addition to a positive correlation between QT interval and BMI, even a small increase in QT interval (10 ms) can impose a significant effect on future increased incidents of cardiovascular events, although the mechanism is presently unknown (3). Although obese subjects are generally thought to have higher heart rates to meet the increased metabolic demands (25) , many of them exhibit unchanged or decreased resting heart rate (2, 7), which cannot be explained by leptin-mediated sympathetic stimulation. Our data indicated the existence of a local direct leptin-signaling pathway via its receptor in addition to the known indirect leptin signaling via sympathetic tone. A combination of direct (via leptin receptor) and indirect (via ␤-adrenergic receptor) effects of leptin not only provides an explanation for slow heart rate and long QT in obese the Zucker rat (18) but can also explain all three alterations of heart rate in obese patients. High concentration of leptin can increase sympathetic activity, leading to increased heart rate. When direct and indirect actions of leptin are cancelled with each other, little change in heart rate will be observed. If sympathetic signaling is impaired, whether due to a genetic or drug effect, leptin can decrease heart rate. Our data have also suggested leptin as a possible molecular link between BMI and QT interval, which may help understanding of the high incidence of long QT in obese patients (25) .
CONCLUSION
We present evidence to support our hypothesis that leptin can exert a local direct inhibition of resting heart rate and prolongation of QT interval via its receptor in cardiac myocytes. Our findings support the notion that leptin can increase heart rate via sympathetic activity but only at high concentrations mediated by adrenergic receptor activation. During inhibition of sympathetic tone, high-concentration leptin can directly increase QT intervals and trigger arrhythmias such as premature ventricular beats, sinus pauses, and ventricular tachycardia. At this point, we do not know the underlying ionic mechanisms that mediate leptin's local direct actions on cardiac electrical properties. Investigating leptin signaling in sinus node and ventricular myocytes and underlying ionic mechanisms will represent future research direction.
